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SUMMARY

Therateandareaof cloudtiopletimpingementon fourbodiesof
revolutionwereobtainedexperimentallyintheNAC!ALewisicingtunnel
witha dye-tracertechnique.Thestudyincludedspheres,ellipsoidal
forebodiesoffinenessratiosof 2.5and3.0,anda conicalforebodyof
30°includedangleandcovereda rangeof anglesof attackfrom0°to 60
androtationalspeedsupto 1200rpm. Thedatawereobtainedat anair-
speedof157knotsandarecorrelatedby dimensionlessimpingement
parameters.

In general,theexperimentaldatashowthatthelocalandtotal
impingementratesandimpingementlimitsofbodiesofrevolutionsrepri-
marilyfunctionsM themodifiedinertiaparameters,thebodyshqe,and
finenessratio.Boththelocslimpingementrateandimpingementlimits
dependupontheangleof attack.Rotationof thebodieshada negligible
effectontheimpingementcharacteristicsexceptforanaveragingeffect
at angleof attack.Forcomparablediameterstheblufferbodieshadthe
largesttotalimpingementefficiency,butthefinerandsharperbodies
hadthelergestvaluesofmaximumlocalimpingementefficiencyand,in
mostcases,thelargestlimitsof impingement.Inmostcases,theimpinge-

mentcharacteristicswerelessthanthreecalculatedfromtheoretical
trajectories;ingeneral,however,fairlygoodagreementwasobtainedbe-
tweentheexperimentalandtheoreticalimpingementcharacteristics.

IJTIROIXX!TION

Thedesignandevaluationof icingprotectionequipmentforaircraft
componentsrequirea knowledgeofthelocalandtotalratesof clouddrop-
letimpingementandthesurfaceextentof tiopletimpingement.These
impingementcharacteristicsareimportantindeterminingtheextentof a
surfacerequiringicingprotection,thelocalandtotalprotectionrequire-
ments,theshape,size,andlocationof iceformationson aircraftcom-
ponents,andtheaerodynamicpenaltiesassociatedwithicingof aircrst’t
surfaces.
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Previousstudies(refs.1 to 7)havereportedtheimpingementchsx-
acteristicsofvarioustwo-andthree-dimensionalbodies.Theimpinge-
mentcharacteristicsorbodiesofrevolutionareof interestbecausesuch
bodiesarerepresentativeofmanyaircraftcomponentssubjectto icing
suchasradomes,bodynoses,engineaccessoryhousings,andthelarge
spinnersof turbopropengines.Mostofthepreviousinvestigationsof
clouddropletimpingementonbodiesofrevolution(refs.2 to 7)havebeen
eitheranalyticalcomputationsorwereexperimentalstudiesoflimited
scope.Inparticular,littleexperimentalinformationisavailableon
theeffectsofangleof attackandrotationon impingementcharacteristics.

Aspartof a generalstudyof icingandicingprotectionofbodies
ofrevolution,an experimentalinvestigationoftheimpingementcharacter-
isticsoffourbodiesofrevolutionwasconductedintheLewisicingtunnel
usingtheNACAdye-tracertechnique(ref.8). Theobjectoftheinvesti-
gationwastoobtainsufficientemerimentaldatato enablethe@pinge-
mentcharacteristicstobe determinedovera rangeofbodyshapesand
operatingandmeteorologicalconditionsincludingangleofattackand
rotation.

Thetidiesstudiedincludedspheres,ellipsoidalforebodes,anda
conicalforebody.Theimpingementcharacteristicswereobtainedfor
volume-mediandropletdismetersrangingfrom11.5to 18.6microns,angles
of attackof0°,3°,and6°,rotationalspeedsof0,6W, 800,and12(XI
rpmjanda nominalairspeedof157knots.Theexperimentalresultsare
presentedintermsof dimensionlessimpingementparametersandarecompared
withtheoreticallycalculatedinrpingementcharacteristics.

APP4XRATUS

Thestudyof dropletimpingementonbodiesofrevolutionwasmsd.ein
the6-by 9-foottestsectionoftheLewisicingtunnelusingtheNAM
dye-tracertechnique.Inthistechnique(ref.8)watercontainingknown
smallamountsof a water-solubledyeissprayedintothetunnelairdtream
a largedistanceaheadofthetestbody. Thesuyfaceofthebodyis
coveredwithabsorbentblottingpaperuponwhichthedyed-waterdroplets
impinge.Theamountof dyetracedepositedina measuredtimeinterval
canbe convertedintotheamountofwaterimpingingatanyparticular
locationby a colorimetri.canalysis.IfthesprW-cloudwatercontent
anddropletsizeareknowu,theimpingementcharacteristicsofthebody
canbereadilydetermined.

Thetestbodiesusedincludedtwospheresof5.92-and18-inchdiam-
eters,twoellipsoidalforebodesof 2.5and3.0finenessratios(minor
axesof30 and20in.,respectively),anda conicalforebodyof300
includedangle(basediemeter,18.93in.).Theellipsoidalandconical
forebodesweremountedon a fairedafterbodyof30-inchmaximumdiameter
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as showninfigure1. Thissfterbody,containingthe
rotationandinstrumentationpickups,wasthesameas
ence9. Thespheresweresting-mounted.

3

drivemotorfor
thatusedinrefer-

Inorderto obtainthecorrectdroplettrajectoriesinthetunnel,
thedropletsmustbe travelingparallelto endatthesamespeedasthe
freeairstreamsfterpassingthroughthetunnelcontractionsectionand
beforebeingsubjectedtothetest-bodyflowfield.Thedistancesfrom
thenoseofthemodelsto thetunneltest-sectionentrancearegivenin
thefollowingtableintermsof thebodymaximumradius.Alsogivenin
thetablearetheminimumdimensionlessdistancesaheadofthemodelas
computedinreferences2 and4 thatsrerequiredto obtainessentidll.y
undisturbedfree-streamconditions.

. Body Dimensionlessdistanceaheadofmodel,x/R

Experimental,frommodel Theoretical,required
noseto test-section forfree-stream
entrance conditions

Spheres
5.92-In.diam. 53
18-In.diam. 16.5 }

~ (ref.4)

Ellipsoids
2.5:1 7.8 --
3.0:1 12.5 --
5:1 ---- 15 (ref.2)

Conical 12.0 --

Theellipsoidal.andconicalmodelswerefdmicatedof0.062-inch-
thickaluminumspunto thedesiredshapewitha transitionsectionfairing
thecontourbetweentheresrofthetestbodyandtheafterbody.Both
spheremodelsweremadeof laminatedmahogany.Sketchesofthemodels
showingthepertinentdimensionsanddetailsincludingtheorientationof
theblotting-paperstripssrepresentedinfigure2. Bothelliptical
forebodieswerehalvesofexactellipsoids.Theconicaltidy,however,
hadan apexforeshortened1* inchwhichresultedina noseroundedto a
l/2-inchradius.Thesurfaceoftheconicalmodelwasslightlyconvex
anddeviatedfroma trueconeby a maximumof approximately0.6inch.
Thesurfacesof allthemodelsweresmoothandfreefromirregularities
withtheexceptionoftheconicslhodywhichhadsomewaviness(sensitive
totouch)at a circumferential.weldabouthalfwsybetweenthenoseand
thebase.

Rressuredistributionsoverthemodelsurfacesfortheconicaland
ellipsoidalforebodeswereobtainedby meansofpressurebeltscemented
to themodelsurfaceforthestationarycaseandby flushstatictapsand
a rotatingpressurepickupfortherotatingcase.
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Thespraycloudwsaprovidedby nineair-wateratomizingnozzles
locatedinthequietingchamberupstreamofthetunneltestsection.The
nozzleswerepositionedto supplya cloudofuniformliquid-watercontent
oftherequireddropletsizeinthetunneltestsection.Thespr~ was
turnedon andoffby fast-actingsolenoidvalves,andthesprayduration
wassetandrecordedby anelectrictimer.Furtherdetailsofthesprsy
systemaregiveninreference8.

PROCEDURE

Theexperimentalprocedurewas,ingener&l,thesameasthatde-
scribedinreferences1 and8. Stripsoftheblotterpaperwereattached
tothemodel,snd,then,withthetunnelairproperlyconditionedasto
speed,temperature,andhumidity,thespray,preloadedtothedesiredair
andwaterpressures,wasturnedonforthepiesettimeinterval.The
blotterwasthenremovedfromthemodelforthecalorimetricanalysis.

Theblotterswerenarrowstrips,3/4and1 inchwide,whichwere
cementedtovellumstripswhichinturnwerecementedto themodelsurface.
Theedgesoftheblottersweretapedto themodelsurface.Cementingand
tapingpreventedliftingoftheblotterfromthemodelsurfaceandalso
preventeddamagetotheblotterduringremoval.Theorientationofthe
blotterswasas showninfigure2. A continuousstripwaswrappedaround
themodelina horizontcilplaneoverthe0° and180°meridianstations.
Forthestationarymodela secondblotterstripwasattachedatthe90°
meridianstationwhichw,asbuttedagainstthefirststripatthemodelbase.

Theinvestigationreportedhereinwasconductedatanairstreamve-
locityof 157knots,a staticpressureof 28inchesofmercury,anda
staticairtemperatureof 500F. Datawereobtainedatanglesof attack
of0°,3°,and6°andatrotationalspeedsof0, 600,800,and12C0rpm.
Thevariationsinangleofattackandrotationalspeedswerechosenas
beingrepresentativeof currentandnear-futureaircraft.Thedroplet
sizesusedinthestudywereasfollows:

Water-air Volume-median Maximumdroplet
mass-flowratio dropletdiameter,diameter,

%ed~ %ed,max’
microns microns

0.34 11.5 24
.49 14.7 35
.61 16.7 45
.76 18.6 64.5

.
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Thedroplet-sizedistributionisgiveninfigure3. Thevolume-median
dropletsizeandsizedistributionweredeterminedby the~oukowski-
aspiratormethoddiscussedinreference1. Foreachwater-airmass-flow
ratio,a relativelyuniformcloudwithlocalliquid-water-contentvaria-
tionswithinA1Opercentandessentiallythesamedroplet-sizedistribu-
tionwasobtained.Thereproducibilityoftheaverageliquid-watercon-
tentandvolume-mediandiameterwaswithinapproximatelyA$ percent.For
mostcasesa repeatrunwasmadeateachsetof conditions.

ANALYSISOFDATA

Theanalysisofthedataobtainedfromthedye-impingedblotters
givestheIocslandtotslimpingementefficienciesandthesurfaceextent
of impingement.Themethodof analysisusedhereinisessentiallythat
presentedanddescribedindetailinreference8 withmod~icationsre-
quiredforusewithbodiesof revolution.Thelocalwaterimpingement
ratewasdeterminedby calorimetricanalysiswhereinsmallcticularseg-
ments,3/8inchindismeter,werepunchedfromtheexposedblotterstrip
atspecifiedlocations.Thedyewasdissolvedoutofthesegmentwitha
knownquantityof distilledwater,andtheconcentrationofdyeinthis
solutionwasdeterminedby a calibratedcalorimeter.Withtheexposure
timeandtheoriginslconcentrationof dyeinthespraycloudknown,the
localimpingementrateperunitareawasobtainedbytherelation

0.794Pb
lip. %cm~ J (lbwater)/(hr)(sqf%)

(Allsybmolsme definedintheappendix.)

Thelocalimpingementefficiency~ can

Wp
‘=0.225 Uowt

(1)

be obtainedbytheequation

(2)

Thetotal.impingementefficiency~ ‘is
overthesurfaceareaimpingedanddividingby a referencearea. Thus,

obtainedby integrating~

(3)

or,intermsofthesurfacedistancefromthenoseandbodyradius,
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Forzeroangleof attackstationary,anarithmeticaversgeofthe
~ valuealthethrekmeridionalstationswasused.Forrotationthe
measured~ vslueswereaveragesofthecircumferentialvariation.For
thesetwocasestheintegrationwasperformedinthea.xieldirectiononly.
By definitionthetotalimpingementefficiency~m istheratioofths
totalamountofwaterimpingingon thebodytothemaximumamountthat
couldimpinge(straight-linedroplettrajectories).Therefore,theterm
+ inequation(3)shouldbe themaximumprojettedfrontslareaofthe
body. Forangleof attackthisareaisnotthemaximumcross-sectional
sreaofthebody. Fortherangeof anglesof attackandbodysizesand
shapesinvestigated,thedifferencebetweentheprojectedareaandthe
maximumcross-sectionalsxeawasverysmall(lessthsn.5percentat6°
angleofattack).T4emaximumcross-sectionalsrea YcR2wasused,as
indicatedinequation(4),forpurposesof convenienceintheresults
reportedherein.

Theimpingementcharacteristics~, ~, and(s/R)m= arepresented
intermsofthedimensionlessparametersK,d?,and Reo. The K and
#? parametersaredefinedintermsofthemaximumradiusofthebody R.
Theinertiaandfree-streamReynoldsnumberparametersarenormallyde-
finedintermsofthevolume-mediandropletdismeter(Ned and ReOreed)
exceptwhentheyareusedto correlatethelimitof impingement,inkich
casethemaximumdropletdismeterisused(~ and Reo,H). The
parameterK isindicativeoftheinertiaofthedroplet,and @ rep-
resentsthedeviationofdragforcesfkomStokestlaw. Impingementchar-
acteristicserealsopresentedas a functionofthemodifiedinertiaparam-
eters%,med ‘d %,msx toobtaina correlationindependentof *.
Thismodifiedinertiapsrsmeteris definedas

wherek/~ (therangeratio)isgivenas a functionof Reo infigure
4. Thisveriationmaybe approximated@thin 10percentforthenormal
rangeof Reo (25<Reo<1000).By usingthisrelation~ isrelatedto
airspeed,dropletdismeter,bodysize,andairproperties.Thus,

()% = 3.86xM-10~ 0“6-&6po”%

Thevaluesof ~ usedhereinwerecomputedbyusing
equation(5].

(5) d-

figure4 ratherthan *
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RESULTS

VelocityDistribution

Themeasuredsurfacevelocitydistributionsarepresentedandcom-
paredwiththeoreticalvaluesinorderto indicateanydifferencesbetween
theactualflowfieldandthetheoreticalflowfieldand,hence,possible
reasonsfordeviationsthatmayexistbetweentheexperimentalandtheo-
reticallycalculatedimpingementcharacteristics.Inaddition,comparison
oftheeffectsof changesintheoperatingvariables(angleof attack,
bodyshape,androtationalspeed)ontheexperimentalvelocitydistribu-
tionsindicatethechangesintheflowfields.Suchcomparisonsare
helpful,therefore,inevaluatingtheeffectsoftheoperatingvariables
on impingementcharacteristicsforcasesinwhichtheoreticallypredicted
valuesof hpingemntcharacteristicsareeitherlimitedorlacking.All
thedatapresentedsreuncorrectedfortunnelwalleffects.

E&!E2sE”- Theexperimentallocalvelocitydistributionforthe18-
- inch-diametersphereispresentedinfigure5. Theexperimentalvalues

agreewellwiththeoryupto an s/R valueofapproximately1.4(central
angle,800).Althoughnomeasurementsweremadeonthe5.92-inch-dismeter%, sphere,itisexpectedthatthevelocitydistributionwouldbe similarto
thatshowninfigure5 becausetheReynoldsnumbersofbothspheres
(8.lx106and24.5X106wereconsiderablygreaterthanthecritical

JReynoldsnumberof 1 .

Ellipsoids.- Thelocalvelocitydistributionforthestationary
ellipsoidalforebodiesoffinenessratiosof 2.5and3.0ispresentedin
figure6. Forbothbodiestheexperimental.valuesagreewellwiththeo-
reticalpredictionsobtainedby themethodof reference10. Aswoul.dbe
e~cted, thesebluntbodyshapescausedonlysmallchangesintheflow
aroundthebodieswhentheangleof attackwasincreasedf%om0° to a
maximumof 6°. Fracticall.ynovariationofthevelocityratiowith
Reynoldsnumberwasobtainedovertherangeinvestigated

(
z 6xlo6<uo@<5.8x106
. P ).

--k

w

Forrotationthetruelocalvelocitytithrespecttothemodelsur-
facewasnotmeasuredbecausethelocaltotalpressurewasnotobtained.
However,measurementsofthelocal.surfacestaticpressure(correctedfor
centrifugalforce)duringrotationwereessentiallythesameasthoseob-
tainedstationary.Thelocal.velocitywhilerotatingwascomputedthere-
foreastheresultantoftherotationalcomponentandthestationarylon-
gitudinalcomponent.Themaximumresultantvelocities(atlargest%*
radiusand1200rpm)computedinthismannerwere-only6 percentlarger
thanthevelocitywhilestationaryforthe3.0:1ellipsoidand11percent
lsrgerforthe2.5:1ellipsoid.
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Conicalforebody.- Thevelocitydistributionfortheconicalbody
(fig.7) showeda peakfollowedby a rever-salnearthenoseforallcon- ~
ditionsinvestigated.Thisvelocitypeekandreversaloccurredatthe
regionwherethesphericalnosebecametangentto theconicalsurface. k
Includedinfigure7 isthetheoreticalvelocitydistributionfora true k
coneof15°half-angleat zeroangleof attackwhichdifferedfromthe
experimentaldistributionby a maximumof9 percentintheregionof
reversingvelocity.However,thevelocitydistributionsoverthespheri-
cal.nosecap(s/R< 0.05)agreedwelltiththetheoreticaldistribution
overthefrontof spheres.Anglesof attackupto 6° changedthelocal
velocitiesby lessthan10percentandcausedno changeinthelocation
ofthevelocitypeak. Thelocalvelocitieswithrespecttothebodysur-
faceduringrotationwereobtainedinthesamemimnerasfortheellip-

.—

soidalbodies.Theresultantoftherotatingcomponentandthestationary
longitudinalcomponentgavevalues6’percentlargerthanthevelocity
obtainedstationary.

LocalImpingementCharacteristics ●

Thee~erimentalimpingementres_titsarepresentedfirstintheform
ofthelocalimpingementefficiencyP forthespecificoperatingand

N

clouddropletconditions.Latertheexperimentalresults=e correlated
withthemodifiedinertiap=ameter ~. Comparisonssrealsomadewith

—

valuescomputedfromtheoreticalimpingementrelationswhereinthetheo-
reticalvaluesareweightedtothetunneldroplet-sizedistribution.The
resultsfortheseveraldifferentbodiesarediscussedseparately.

-“ - Thelocalimpingementefficiencyasa functionofthe
‘dimensionlesssurfacedistancefromthenose(spherestagnationpoint)is
presentedinfigures8 and9 forthe5.92-and18-inch-diameterspheres,
respectively..Thedatashowtheeqectedincreaseinlocalimpingement
efficiencytithincreasingvolume-mediandropletsizeandtheinverse
relationwithincreasingbodydiameter.Themultiplepointsplottedat
severalsurfacedistancelocationswereobtainedfromrepeatruns(tailed
symbols)andfromdiametricallyoppositesidesofthebodyforthesame
run. Thesedataforthespherearetypicalofalltheimpingementdata
reportedhereininregardtothedegreeofrepeatabilityandthemagnitude
of scatter.Thee~erimentaldatagavea reasonablywelldefinedvalue
of impingementefficiencyat stagnation.Atthelimitofimpingement,
however,theasymptoticshapeoftheimpingementcurvemadeexperimental
determinationoftheextentof impingementratherinexact.

Thetheoreticallocalimpingementefficiencyobtainedfromtheim-
pingementrelationsofreference4 andweightedto thetunneldroplet- d-
sizedistributionisalsoshowninfigures8 and9 foreachvolume-median
dropletsize. Ingeneral,fairlygoodagreementwasobtainedbetweenthe >
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experimentalandtheoreticalresults,particularlywithrespectto the
d shapeof thecurveof localimpingementvariationoverthesphere.At

thesmallestvolume-mediandropletsizethetheoreticalvaluesexceedthe
e~erimentalimpingementdficienciesj asthedropletsizeisiwreaaed,
theexperimentalvaluesapproachandinsomecasesexceedthetheoretical..
Thesediscrepanciesbetweenthetheoreticalande~erimentalresultsmay
be attributedto experimentalinaccuracyinthemeasurementof therateof
waterimpingement,theaccuracyofthetheoreticalcalculations,theva-
lidityoftheassumptionsmadeinthedevelopmentofthetheoretical
equations,andtheaccuracyofthee~erimentalvaluesofdropletsize,
sizedistribution,andwatercontent.Theknownvariationinthemeasured
valueofthevolume-mediandropletsize(S percent)wouldbe sufficient
to accountformostofthedifferencesbetweentheexperimental.andtheo-
reticalvalues.

Ellipsoids.- Thevsriationofthelocalimpingementefficiencyover
thebodysurfaceisshowninfigureLOfortwostationaryellipsoidsat

. zeroangleof attack.Dataobtainedatthe0°,90°,and180°meridional
locationsarepresentedforfourvolume-mediandropletsizes.Thedata
scatterandreproducibilityaswell.asthegeneraltrendsof increasing

* impingementefficiencywithincreasingvolume-mediandropletsizeare
y similarto thoseobtainedtiththespheres.
g

Zn orderto showtheeffectofbodyshapeonthelocalimpingement
efficiency,comparisonsbetweenthesphereandellipsoidsshouldbe made
onthebasisof equalbodyanddropletsizesincebothofthesefsctors
sxeknownto changeimpingementefficiency.Suchcomparisonscanbe made
fromthedataoffigures8, 9,and10 ifequalvaluesofthemodified
inertiapsrameterareused,as is showninthesectionCorrelationof
ImpingementCharacteristicsandinreference1. A comparisonof thelocal
impi~em.entefficiencyonthesphere(~ med= 0.09,14.7micro~,fi$.
9(b))withthatforthe2.5:1ellipsoid~~,md= 0.08,18.6microns,
fig.10(a))showsconsiderabledifferences.Zhegeneralcurvatureofthe
~ curveforthesphereismuchlessthanfortheellipsoid.Thegreatest
differencebetweenthetwobodies,however,isfoundat stagnationwhere
thelocalimpingementefficiencyfortheellipsoidisapproximatelytwice
thatforthesphere.Similarresultsareobtainedcomparingthe3.0:1el-
lipsoidandsphere.By comparingthe2.5:1(18.6microns,fig.10(a))
and3.0:1(14.7microns,fig.10(b))f311ipSOidS d ~,med=o.08 the
effectsofthesmallchangeinfinenessratiouponthe-local.impingement
efficiencyareseentobe relativelyminor.Atthenosetheimpingement
efficienciesofthetwobodiesaxeverynearlythesame,wkileontherest
ofthebodytheblunterbody(2.5:1)hasa slightlygreaterimpingement

+ efficiency.

A comparisonoftheexperimentallocalimpingementefficiencyforthe
k 3.0:1finenessratioellipsoidat zeroangleof attacktiththetheoretical
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valuesofreference7 isshowninfigure11forfourvolume-mediandrop-
letdiameters.Theexperimentalvaluesagreefairlywellwiththecom-
putedresultsatthelargestvolume-mediandropletdiameter(18.6microns),
butthecomparisonbecomesincreasinglypoorerasthedropletsizede-
creases.Thetheoreticalcurvesdifferfro%theeqy?rimentalbothin
magnitudeandcurvature.Thisisespeciallytrueatthestagnationpoint
andattheaftportionoftheimpingedarea.

Thelocalimpingementefficiencyvsluesobtainedonthetwostation-
aryellipsoidsat anglesof attackof3° and6° arepresentedinfigure
12forthreemeridionallocations.Includedarefairedcurvesofthe
localimpingementefficiencyobtainedatzeroangleofattack.In general,
theeffectsof angleareasmightbe expectedfromthevsxiationof local
velocitydistributionwithangleof attack(fig.6). Thevaluesof im-
pingementefficienciesandlimitsof impingementareincreasedonthe
windward(Oo)meridianwhilethoseontheleewardside(180°)arereduced.
Theshapesofthecurves,however,arechangedlittleastheeffectof
angleprimarilyshiftsthecurve~to thewindwardside.A sligQtchange
inthelocationofthemaximum~ wasobtained,andthepeak ~ value
waslocatedbetweentheairstagnationpointandtheforemostpointof
thebody. Thiseffectwasgreatestat anangleof attackof 6° andon
theellipsoidof a finenessratioof 2.5. Changesinthemagnitudeof
themaximum~ wereobtainedatangleofattack,butsignificanttrends
canno&be determinedbecauseofthelimitationsoftheexperimentaldata.
The B valuesforthe90°meridian(solidsymbols)fallbetweenthoseon
the@ and180°meridans.

Theperipheraldistributionofthelocalimpingementefficiencyis
shownbetterinfigure13whichpresentscrossplotsofthedataofftg-
ure12. Resultsaregivenforthetwoellipsoidsatan angleof attack
of6°forthelargestandsmallestvolume-mediandropletsizes.Values
obtainedat zeroangleof attackareincludedforcaqymison.Theperiph-
eraldistributionof impingementisverysimilarforbothellipsoids.The
greatestperipheral.variationforbothellipsoidsoccurredat distances
fromthenose s/R ofapproximately0.2to 0.4.

Theeffectofbodyrotationuponthelocalimpingementefficiencyof
ellipsoidsis showninfigure14forseveralvolume-mediandropletsizes,
anglesof attack,androtationalspeeds.Includedinfigure14forcom-
parativepurposesaxetheenvelopesofthedataspreadobtainedwiththe
stationarybudiesat zeroangleofattack.Althoughinsomecasesthere
areslightindicationsof an increaseinimpinge=ntefficiencywithro-
tation,ingenersltheeffectofrotationappearedtobe negligibleupto
1200rpm. Thisresultagreeswiththatobtainedforthevelocitydistri-
butionwheretheeffectsofrotationwerealsonegligible.No significant
trendsinthedataobtainedduringbodyrotationwerefoundwithrespect
to angleof attack,dropletsize,orbodygeometry.

m

—
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Conicalforebody.- Theexperimentalvaluesof local
efficiencyobtainedonthestationaryconicalforebodyat
attacksrepresentedinfigure15forthreevolume-median

11

impingement
zeroangleof
tioDletdiam-

eters.Theseresultsare= characterizedbya rapiddecrea~eof ~
withina regionapproximately1 inchfromthe~ose,followedbya rather
extensiveregionofrelativelylowvaluesof ~. Thejunctionbetween
thetwoportionsofthe 13curveoccursnearthesurfacelocationat
whichthehemisphericalnosecapbecomestangentto theconicalsurface.
Comparedto thesphereandellipsoidstheextentof impingementisfairly
extensive.Forthesmallestvolume-mediandropletsize(11.5microns)
thelimitof impingement(approx.18 in.)isaboutone-halfthetotal
surfacedistanceoftheconicalforebodyas comparedwithapproximately
one-sfih(5in.)forthe3.0:1ellipsoid.

A comparisonoftheexperimentallocalimpingementefficiencyonthe
stationaryconicalforebodywiththeoreticalvaluesat zeroangleof
attackforthreevolume-mediandropletsizesispresentedinfigure16.

9 Forthepurposeofthetheoreticalcomparisona hypotheticalbodywas
3 assumedtobe madeup of a trueconeof 15°half-angleanda spherical

noseof l-inchdiameter.Thetheoreticalimpingementforthespherical
-Y~ nosewasobtainedfromcalculateddataforspheresofreference4 andfor

theconeproperfromthedataofreference7. Fairedvaluesoftheex-
perimental~ arepresentedonthelef%offigure16whileon theordi-
natestotherightanarithmeticaverageoftheexperimentalresultsis
plottedto anexpandedabscissaas stepvaluesaveragedoverthesxeaof
3/8-inch-diameterpunchusedinthedyeansLysis.Theagreementbetween
theexperimentalandtheoreticalresultsingeneralisconsideredfairly
good. Overthesphericalnosecaptheexperimentalvaluesareconsistently
lessthanthosepredictedfora truesphere.Ontheconicaltidyp~per
theexperimentalandtheoretical.values,whileofthesameorderofm&g-
nitude,crosseachotherat surfacedistancesof approximately7 to 10
inchesfromthenosewiththetheoreticallimitof impingementconsiderably
largerthanthatobtainedexperimentally.Thedifferencesbetweenthe
experimentalandtheoreticalvaluesontheconeproperarebelievedto
resultprimarilyfromtheconvexityofthetestbodysurface,whileat
thenosethelackofagreementispartiallyattributedtothepresenceof
theconicalbodybehindthesmallsphericalsegment.

Thee~erimentalimpingementobtainedonthestationaryconicalbody
fortheleewardandwindwardmeridansatanglesof attackof 3° and60
ispresentedinfigures17(a)and(b),resectivel.y.Resultsforthe

790°meridiansrealsoshowninfigure17(b (solidsymbols).Theeffect
of angleof attackissimilartothatobtainedfortheellipsoidalbody,
thatis,an increaseof localimpingementefficiencysndlimitof impinge-
mentonthewindwardmeridiananda decreaseonthel.eewsrdmeridian.A
comparisonoftheeffectofangleof attackisgiveninfigure17(c)for
a volume-mediandropletdiameterof 18.6microns.Themsximumvalueof ~
onthesphericalnosesegyentshowedonlynegligiblevariationwithangle
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of attack.At anangleof attackof6° andthesmallestvolume-median
dropletsizetheimpingementontheleewardmeridianextendedonlyabout
1 inchfromthenose(fig.17(b)).However,forthelargestvolume- F
mediandropletsizeatthesameangleofattack,impingementoccurred
overpracticallytheentirewindwardside.Theperipheralvariationof
localimpingementefficiencyontheconicalforebodyat anangleof attack E
of6° isillustratedinfigure18fortwovolume-mediandropletdimeters.
Thegeneraltrendsofperipheraldistributionaresimilextothoseob-
tainedontheellipsoidalforebodybutwitha moreextremevsriation,
especiallyinthenoseregion.

Theeffectofrotationonthelocalimpingementefficiencyofthe
conicalforebodywasnegligibleforellconditionsinvestigated.A com-
parisonoftheimpingementefficiencyobtainedat 1200rpmforseveral
anglesofattackandvolume-mediandropletsizeswiththevaluesobtained
forthestationerybodyatzeroangleofattackispresentedinfigure19.

CorrelationofImpingementCharacteristics

Theprimei~ingementcharacteristics~ and(s/R)= arecorre-
latedwiththemo-dified.inertiaparameters~,med and ~,=, respec-
tively,inorderto c~~e andreatiQextra~latetheexperimentaland
calculatedresults.

Ex!&zsE*- Theexperimentaltotalimpingementefficiency‘R for
spheresispresentedintermsof ~,med infigure20. Thetheoretical.
resultsofreference4 are.alsogivenfortwovaluesoftheindependent
impingementparameter@ (oneforeachsphereradius).Tneseparationof
thecurvesforthetwo @ valuesindicatesthedegreewithwhichthe ~
correlationeliminatestheeffectofthe @ parameter.Theoretic&1
curvesaregivenforbotha uniformdropletdiameterandforthetunnel
droplet~i.zedistributionwhichisessentiallya Langmuir“D”distribution
(ref.U). Boththecorrelationoftheeqerimentaldataandthecom-
parisonwiththetheoreticalcurve(weightedto thetunneldroplet-size
distribution)areconsideredfairlygood.Althoughtheexperimentaldata
foreachbodysizeappearto crossthetheoreticalcurve,theaccuracyof
theexperimentaldatais suchasto precludethedeterminationof such
systematictrends.Theknownaccuracyofthevolume-mediandropletdiam-
eteryieldsa variationof ~,med ofapproximately&10percentwhich
wouldaccountformostofthescatterofthedatafromthetheoretical
“D”curve.Thetheoreticalcurvefortheuniformdropletdianeteris
givento showthemagnitudeoftheeffectof droplet-sizedistributionon
~ andnotto suggestthepresenceofa uniform-droplet-diametercloud
inthetunneltests.Plotting‘&= against~,med wouldgivea corre-

4

lationsimilartothatobtainedfor ~. Correlationoftheli~t of
—
*
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impingementon sphereswiththemodifiedinertiaparameterbaseduponthe
?llSXimUMdropletsize ~, - ispresentedinfigure21. ~ s~e gener~

trendswereobtainedasfor ~.

Ellipsoids.- Thecorrelationofthetotalimpingementefficiency
with ~,med forthetwoellipsoidalbodiesshowninfiwe 22hasthe
sametrendsas obtainedwiththesphere.Theexperimentalresultsin
mostcasesarelowerthanthetheoreticalvaluesespeciallyforthe
smallestvolume-mediandropletsizes.Aswasindics,tedbyth~localim-
pingementefficiency,rotationhadno significanteffecton ~. Thedata
obtainedatan angleof attackof 6° indicateda slightincreaseintotal.
impingementefficiencyoverthatobtainedat zeroangleof attackalthough
theeffectisofthesameorderofmagnitudeasthedatascatter.The
dataalsotendedto confirmthetheoretical-predictedincreaseintotal
impingementefficiencywithdecreaseinfinenessratioforbodiesofthe
samemaximumdiameter.

Thelimitof impingement”asa functionofthemodifiedinertiaparam-
eterbaseduponthemaximumdropletsize
23.

KO,W ispresentedinfigure
Althoughtheexperimentaldatacorrelatefairlywell.with ~j-

thereisa considerablelackof agreementwiththetheoreticalvslues,
particularlywithrespecttothepredictedeffectoffinenessratio.
However,boththelimitsof impingementandthemaximumdropletdiameter
aredifficulttodetermine.Theeffectsof angleof attackareconsistent
forbothbodiesandfairlywelldefined.At an angleof attackof 6°the
impingementon thewindwardmeridianisasmuchas twicethatat zero
angleof attack,whilefortheleewardmeridianonlya relativelyslight
decreaseinthelimitof impingementwasobtainedat 6°.

Conicalforebody.- Thecorrelationof totalimpingementefficiency
withthemodifiedinertiaparameter~,med fortheconicalforebodyis
showninfigure24forseveral.operatiuganddroplet-sizeconditions.
Includedforcomparisonaretheoreticaltotalimpingementefficiencieson
a trueconeof 15°half-angletakenfromreference7. Theoreticalcurves
aregivenforboththetunneldroplet-sizedistribution(approximatelya
_uir “D”distribution)ad for~ uniformdropletdiameterdistribu-
tion. Theexperimentalveluesof ~ fortheconicalforebodyarethe
lomst ofall~ bodiestested.Operationat angleof attackorwith
rotationhadonlynegligibleeffectson thetotalcollectionefficiency,
andno systematictrendswereobtained.Thedifferencesbetweenthetheo-
reticalvaluesandtheexperimentaldatasrebelievedto resultin lsrge
partfromthedifferenceinbodyshapebetweentheconic&1forebodymodel
anda truecone.

Thecorrelationof thelimitof impingementontheconicalforebody
withmadifiedinertiaparameter~,= is showninfigure25. Although
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theexactlimitsof impingementweredifficulttomeasure,thetrends
shownby thedataoffigure25srebelievedtobevalid.At zeroangle
ofattacktheexperimentallimitof impingementshowsa considerablein-
creasewithincreasing~,ma ascomparedwiththeessentiallyuniform
valueof a truecone.Thesmallerlimitsof impingementobtainedexperi-
mentallycomparedwiththetheoretical.valuesresultprimarilyfromthe
convexityof thesurfaceofthetestbodycomparedto a truecone.Opera-
tionatangleofattackwitha stationarybodyresultedinwiderangesof
limitof impingementvaryingfroma vslueslightlygreaterthanthenose-
capextentontheleewardmeridianforthesmallestdropletsizetoprac-
ticallytherearofthebodyon thewindyardmeridianforthelargest
dropletsize.Thedecreaseinlimitof impingementonthewindwardme-
ridianat anangleof attackof 30 comparedtithzeroangleofattackis
questionableandmayresultfromsurfaceirregularitiesandconvexity.
Rotationof thebodyhadtheeffectonlyofdistributingtheextentof
impingementevenlyoverthebodysurfaceat a valuecorrespcmlingtothat
obtainedonthewindwardmeridianstationaryatthecorrespondingangle
ofattack.

CONCLUDINGREMARKS

Theimpingementcharacteristicsoftheseveralbcdiesofrevolution
havebeendiscussedseparately.A comparisonof theimpingementonthe
differentbodiesto showtheeffectsofbodyshapeandfinenessratiocan
be madeinseveralways. Themethodadoptedhereincomparesplotsofthe
locslimpingementefficiencyasa functionofthedimensionlesssurface
areafromthebodynose &/+ forspecifiedvaluesof ~,med. Inmany
practicalcasesthedistributionof impingementas a functionof surface
sreaisof greaterimportancethanintermsofaxialor surfacedistance.
Comparingonthebasisofa constant~,med isthesame,of course,as

exposingvariousbodiesofthess.memaximumdiameterto dropletsofthe
samediameteratthesamefree-streamvelocity,airtemperature,andpres-
sureconditions.Comparisonsofthelocalimpingementefficiencyona
sphere,the3.0:1ellipsoid,andtheconicalforebodysremadeinfigure
26forthreevaluesoftheinertiaparameteratzeroangleof attack.
‘lhe~ valuesoffigures26(a)and (b)areexperimentalresults,while
for K== (straight-linedroplettrajecto~ies)~ isthevalueof local
bodyslope.Includedinfigure26(c)is ~ fora true15°half-angle_
cone.TheareaunderthecurvesistQetotalimpingementefficiency,~
by definition.A comparisonofthe ~ profilesoverthe K rangeshows
ingeneralthesanerelation;thespherehasthemostgradual.changeover
theimpingedarea,whiletheconicalbodyhasa steepgradientanda dis-
tinctkneeinthecurvecloseto thebodyno~e. Exceptfor K = - the
conicalforebodyhasthelargestvaluesof & andthespheretheleaat.
Theellipsoidhadthelargestlimitof impingementexceptatthesmallest
Vdlleof Ko,med.Thesphere,however,hasthegreatesttotalimpingement

.

●

—

d
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efficiencyandtheconicalbodytheleast,withtheellipsoidinbetween.
Ingeneral.,boththeexperimentalandtheoreticalresultsindicatethat,u
forbodiesofthesamediameter,thebluffbodieshavethelargesttotal
~mpingementefficiencyWile thefinerbodieshavethelargestvaluesof
Prn~ and(s/R)W.

Theeyperimntelimpingementcharacteristics,ingeneral,showa
de~ee of correlationwiththemodifiedinertiaparam?ter(inwhichair-
speedanddxopletandbodysizeszxrethemostsignificantvariables)thd
is satisfactoryforengineeringdesignpurposes.Additionalfactors
affectingtheimpingementcharacteristicsarebdy shape,finenessratio,
andangleof attack.Boththelocalimpingementrateandlimitof im-
pingementdependuponangleof attack,butthetotalimpingementrateis
ratherinsensitiveto anglesof attackupto 6°. Rotationofthebodies
investigatedhadonlya negligibleeffectontheimpingementcharacter-
isticsexceptforan averagingeffectat angleof attack.

The~erimentalimpingementresultspresentedhereinareconsidered
ingeneralto showagreementwiththeoreticalvaluesrangingfromsatis-
factoryto good,tiththebestagreementoccurringwherethetheoretical
dataarewelldefinedovertherangeof tunneltestconditions.Thepres-
enceof thesfterbodyisbelievedto haveonlya minoreffectontheexper-
imentalresultssincetheexperimentalvelocitydistributionsagreedwell
withthetheoreticalvaluesfortheellipsoidalbodies.Thisindicatesan
adequatesimulationoftheflowfield.In addition,the2.5:1ellipsoid
whichhadthesamemaximumdiameterastheafterbodyandthesphereswhich
weresting-mountedshowedapproximatelythesamede-e of scatterand
agreementwiththeoryas didthe3.0:1ellipsoid.Alltheexperimental
datashoweda tendencytobe slightlylowerthanthetheoreticallypre-
dictedvalues.A similartrendwasobtainedinreference1. Thebest
agreementoftheexperimentalimpingementcharacteristicswiththeoretical
valueswasobtainedforthespheresandellipsoidalbodies.Fullagree-
menttiththetheoreticalresultsofreference7 fortheconicalforebody
wasprecludedbecausethegeometryoftheexperimentalbodydifferedfrom
thatof a truecone.

Theconclusionsofreference1 applywithregardto applicationof
thee~rimental.impingementdatato flightor designconditions.That
is,thetunneldroplet-sizedistributionistypicalofthatfoundinmany
naturalicingsituations,andthedropletsizesandliquid-watercontents
measuredinflip$tby rotatingmulticylinderscanbe relatedtothevalue
quotedforthetunnel(Joukowski-aspiratormethod)by thedataoffigure
19 ofreference1. Inaddition,itisfeltthatthecorrelationofthe
impingementcharacteristicstiththemodifiedinertiaparameter,therange

b ofvariablescoveredby theexperimentalinvestigation,thedegreeof
agreementwiththeoreticalresults,andtheratherextensivecomputed
impingementcharacteristicsof references2,3,4, and7 permitaccurate

.
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d

determinationoftheimpingementchsxacteristicsofvariousbodiesof
revolutionoverthepracticalcombinationofmeteorologicalandoperating *conditions.

LewisFlightPropulsionLaboratory E
NationalAdvisoryCommitteeforAeronautics %

Cleveland,Ohio,July23,1957

.
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APPENDIX- SYM80LS

area,sqft

volumeof distilledwaterusedto dissolvedyefromblotterseg-
ments,ml

percentconcentrationby weightofdyeinwatersolutionusedin
spraysystem,(lbdye/lbsolution)X100percent=(lbdye/lb
water)x100percent

lodymaximumdiameter,ft

dropletdiameter,

totalimpingement
dimensionless

microns(3.28KL0-6ft)

efficiencydefinedby eqs.(3) and (4) ,

d2U0
inertiaparameter,(3.28n0-6d)2& = 1.16x10-12~
dimensionlesss

modifiedinertiaparameter,(A./&)K, dimensionless

concentrationof solutionobtainedfromblottersegments,
% *e/ml solution

bodymaximumradiusor semiminoraxis,ft

free-streamReynoldsnumberwithrespectto droplet,
3.28X10-6dpUo

P
= &@, dimensionless

localbodyradius,ft

surface&Mtancereferencedtobodynose,f%

exposuretime,sec

free-streamvelocity,ft~secor

localvelocityat
knotsx1.689

localimpingement
(Sqft)

outeredgeof

ratein cloud

knots x 1.689

boundarylayer,ft/secor

of uniformdropletsize,lb/{hr)

u
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totalliquidwatercontentof cloud,-g/cum

axialdistancereferencedtobodynose,ft

bodyangleofattack,deg

localimpingementefficiencyincloudofuniformdropletsize,
definedbyeq.(2),dimensionless=

meridionalangle,deg

truerangeof dropletasprojectileinjectedintostillair,ft

rangeof dropletasa projectilefollowingStokestlaw,ft

viscosityof air,(lb/see)/sqft

densityofair,slugs/cuft

densityofdroplet,1.94slugs/cuf%

independentimpingementparameter,e= 9.28+,
~Pddimenkionless

Subscripts:

f

max

med

s

o

1

frontalprojected

maximum

volumemedian

surface

freestream

boundary-ls#erouteredge

Superscripts:

weightedvalueresultingfrom

.

—

—
.

—.-

effectsofmorethanonedropletsize
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